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OXYGEN MONITORING AND APPARATUS 

TECHNICAL FIELD OF THE INVENTION 

The present invention relates to the monitoring of oxygen 
concentration and, more particularly, to novel, improved 
methods and apparatus for monitoring the concentration of 
oxygen in respiratory and other gases and to components of 
and controls for apparatus as just characterized. 

In another aspect, the present invention relates to methods 
of manufacturing airWay adapters designed for use in 
on-airWay applications of the invention. 

In a third aspect, the present invention relates to novel 
sensors Which include an oxygen quenchable luminescable 
compound and methods for manufacturing sensors of the 
character. 

BACKGROUND OF THE INVENTION 

The most common cause of anesthetic and ventilator 
related mortality and morbidity is inadequate delivery of 
oxygen to a patient’s tissues. Therefore, the monitoring of 
static inspired oxygen concentration has long been a safety 
standard of practice to ensure detection of hypoxic gas 
delivery to patients undergoing surgery and to those on 
mechanical ventilators and receiving supplemental oxygen 
therapy. HoWever, monitoring the static inspired fraction of 
inhaled oxygen does not alWays guarantee adequate oxygen 
delivery to the tissues because it is the alveolar oxygen 
concentration that eventually enriches the blood delivered to 
the cells. 

It is this alveolar gas phase that is interfaced With pul 
monary perfusion Which, in turn, is principally responsible 
for controlling arterial blood gas levels. It is very important 
that the clinician knoW the blood gas levels (partial pressure) 
of oxygen (p02) and carbon dioxide (pCO2) as Well as the 
blood pH. Blood gas levels are used as an indication of 
incipient respiratory failure and in optimiZing the settings on 
ventilators. In addition, blood gas levels can detect life 
threatening changes in an anesthetiZed patient undergoing 
surgery. 

The traditional method for obtaining arterial blood gas 
values is highly invasive. A sample of arterial blood is 
carefully extracted and the partial pressure of the gases is 
measured, using a blood gas analyZer. Unfortunately, arterial 
puncture has inherent limitations: (1) arterial puncture 
requires a skilled health care provider and it carries a 
signi?cant degree of patient discomfort and risk, (2) han 
dling the blood is a potential health haZard to the health care 
provider, (3) signi?cant delays are often encountered before 
results are obtained, and (4) measurements can only be made 
intermittently. 

Non-invasive methods for estimating blood gas levels are 
available. Such methods include the use of capnography 
(CO2 analysis). These methods employ fast gas analyZers at 
the patient’s airWay and give a graphic portrayal of breath 
by-breath gas concentrations and, therefore, can measure the 
peak exhaled (end tidal) concentrations of the respective 
respired gases. Although gradients can occur betWeen the 
actual arterial blood gas levels and the end tidal values, this 
type of monitoring is often used as a ?rst order approxima 
tion of the arterial blood gas values. 

Other techniques have been utiliZed for assessing patient 
blood gas levels With mixed results. Transcutaneous sensors 
measure tissue p02 and pCO2 diffused through the heated 
skin surface. This type of sensor has a number of practical 
limitations including a sloW speed of response and dif?culty 
of use. 
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2 
Pulse oximetry is Widely used to measure the percentage 

of hemoglobin that is saturated With oxygen. Unfortunately, 
it does not measure the amount of dissolved oxygen present 
nor the amount of oxygen.carried by the blood When hemo 
globin levels are reduced. This is important because loW 
hemoglobin levels are found When there is a signi?cant 
blood loss or When there is insufficient red blood cell 
information. In addition, pulse oximeter readings are spe 
ci?c to the point of contact, Which is typically the ?nger or 
ear lobe, and may not re?ect the oxygen level of vital organs 
during conditions such as shock or hypothermia. 

Oxygraphy measures the approximate concentration of 
oxygen in the vital organs on a breath-by-breath basis and 
can quickly detect imminent hypoxemia due to decreasing 
alveolar oxygen concentration. For example, during 
hypoventilation, end tidal oxygen concentration changes 
more rapidly than does end tidal carbon dioxide. During the 
same conditions, pulse oximetry takes considerably longer 
to respond. Fast oxygen analysis (oxygraphy) can also 
readily detect inadvertent administration of hypoxic gas 
mixtures. 

Oxygraphy re?ects the balance of alveolar O2 available 
during inspiration minus the O2 uptake secondary to pul 
monary perfusion. An increasing difference betWeen inspira 
tory and end tidal oxygen values is a rapid indicator of a 
supply/demand imbalance Which could be a result of 
changes in ventilation, diffusion, perfusion and/or metabo 
lism of the patient. This imbalance must be quickly cor 
rected because failure to meet oxygen demand is the most 
common cause of organ failure, cardiac arrest, and brain 
damage. Oxygraphy provides the earliest Warning of the 
development of an impending hypoxic episode. 

Oxygraphy has also been shoWn to be effective in diag 
nosing hypoglycemic or septic shock, air embolism, 
hyperthermia, excessive PEEP, CPPR ef?cacy, and even 
cardiac arrest. During anesthesia, oxygraphy is useful in 
providing a routine monitor of preoxygenation 
(denitrogenation). It especially contributes to patient safety 
by detecting human errors, equipment failures, 
disconnections, misconnections, anesthesia overdoses, and 
esophageal intubations. 

Combining the breath-by-breath analysis of oxygen With 
the measurement of airWay ?oW/volume as outlined in US. 
Pat. Nos. 5,347,843 and 5,379,650 gives another dimension 
to the clinical utility of oxygraphy. This combination 
parameter, knoWn as oxygen consumption (VOZ), provides 
an excellent overall patient status indicator. Adequate cardia 
output, oxygen delivery, and metabolic activity are all 
con?rmed by oxygen consumption because all of these 
physiological processes are required for oxygen consump 
tion to take place. Oxygen consumption is also useful in 
predicting ventilator Weaning success. 
A metabolic measurement (calorimetry) includes deter 

mination of a patient’s energy requirements (in calories per 
day) and respiratory quotient (RQ). Interest in the measure 
ment of caloric requirements has closely paralleled the 
development of nutritional support. For example, the ability 
to intravenously provide all the necessary nutrition to criti 
cally ill patients has only been accomplished Within the last 
25 years. Along With the realiZation that We need to feed 
patients, has come the need to knoW hoW much to feed them, 
What kind of nutrients (carbohydrates, lipids, protein) to feed 
them, and in What ratio the nutrients need to be supplied. The 
only true Way to measure the caloric requirements of 
patients and to provide a non-invasive quality assessment of 
their response to nutrition is With indirect calorimetry. 
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Airway O2 consumption and CO2 production can be mea 
sured non-invasively and provide a basis for the computa 
tions needed for a measurement of indirect calorimetry, a 
direct measurement of the metabolic status of the patient, 
and the patients’ respiratory quotient. 

With the above clinical need in mind, it is important to 
ensure that clinicians have the proper equipment to monitor 
breath-by-breath oxygen. While there are adequate devices 
for measuring static levels of oxygen, the measurement of 
breath-by-breath (fast) airWay oxygen concentration 
requires more sophisticated instruments. Very feW of these 
devices can be directly attached to the patient airWay. 
Instead, most require the use of sampling lines to acquire the 
gas and send it to a remote site for analysis. Fast airWay 
oxygen monitors are typically large, heavy, fragile instru 
ments that consume considerable poWer. They must sample 
airWay gases via a small bore plastic tube (sidestream) and 
remotely detect the oxygen gas as it passes from the airWay 
to the sensor. The problems associated With this type of gas 
sampling are Well knoWn. Gas physics dictates painstaking, 
careful measurements because Water vapor concentration 
pressure and temperature can vary Within the patient’s 
airWay and gas sample line. The presence of Water and 
mucous create problems for long term patency of the sample 
tube. Also, the sample line acts like a loW pass ?lter and 
affects the ?delity of the measurement. Finally, the pressure 
variable delay introduced by the sample line creates dif? 
culty in accurately synchroniZing the airWay How and oxy 
gen concentration signals required to calculate oxygen con 
sumption. 

On-airWay (mainstream) monitoring of oxygen has the 
potential to solve all of the above problems, especially When 
breath by breath monitoring oxygen consumption measure 
ments are to be made. HoWever, most of the available fast 
oxygen sensors are simply too big, too heavy, too fragile, 
and/or otherWise not suited to be placed in line With a 
patient’s breathing tube. 

There are various other technologies Which have been 
employed in monitoring airWay oxygen concentration. Some 
of the most Widely used are electrochemical sensors. These 
fall into tWo basic categories: polarographic cells and gal 
vanic cells. These cells produce an electric current propor 
tional to the number of oxygen molecules Which diffuse 
across a membrane. The advantages of these types of sensors 
are simplicity and loW cost. The disadvantages include 
limited lifetime (chemistry depletes) and sloW response (not 
breath-by-breath). In some cases, these cells have demon 
strated sensitivity to certain anesthetic agents, Which intro 
duces inaccuracies into the oxygen concentration measure 
ment. Generally, this type of sensor is too large to attach to 
the patient airWay. 

There have been a feW reported developments Where 
electrochemical cell membranes Were improved to enable 
faster response. There are also silicon micromachined cells 
using the principle of “Back Cell” electrochemical technol 
ogy. Their time response approaches 150 ms but they appear 
to be subject to the typical problems of this type of cell (i.e., 
stability and calibration). 

Another popular medical oxygen sensor is the paramag 
netic type. This sensor uses the strong magnetic property of 
oxygen as a sensing mechanism. There are tWo basic types 
of paramagnetic cells: static and dynamic. The static type is 
a dumbbell assembly suspended betWeen the poles of a 
permanent magnet. The magnetic forces of the surrounding 
oxygen molecules cause a torsional rotation of the dumbbell 
Which can be sensed optically and employed as a measure of 
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4 
oxygen concentration. The dynamic type (see US. Pat. No. 
4,633,705) uses a magneto-acoustic approach. This requires 
a gas sample and a reference gas that are mixed Within an 
electromagnetic ?eld. When the ?eld is sWitched on and off, 
a pressure signal proportional to the oxygen content is 
generated. The signal can be detected by a differential 
microphone. The advantages of the paramagnetic sensor are 
good linearity and stability. The dynamic type is inherently 
faster responding that the static type. Both types are subject 
to mechanical vibration, and the dynamic type has the 
disadvantage of requiring a reference gas. Neither type is 
suitable for on-airWay applications. 

Zirconium oxide cells are frequently used in the automo 
tive industry to measure oxygen concentration. The cell is 
constructed from a solid electrolyte tube covered by plati 
num electrodes. When heated to approximately 800 degrees 
C., a voltage proportional to the Icgarithm of the ratio 
betWeen a sample gas and a reference gas is generated. The 
advantage of this sensor are Wide dynamic range, very fast 
response, and simplicity. The high cell temperature is clearly 
a disadvantage as is poWer consumption. Also, the cell is 
degraded in the presence of anesthetic agents. Clearly, this 
type of cell cannot be used on a patient airWay. 

Ultraviolet absorption uses the principle that oxygen 
exhibits absorption properties in the ultraviolet part of the 
electromagnetic spectrum (about 147 nm). This technique 
has been used in several medical applications but has never 
been reduced to commercial viability. There are numerous 
technical dif?culties Which make this a dif?cult technique 
for on-airWay applications. 
Mass spectrometers spread ioniZed gas molecules into a 

detectable spectrum according to their mass-to-charge ratios 
and can accordingly be used to measure oxygen concentra 
tion. These instruments are generally large assemblies With 
ioniZing magnets and high vacuum pumps. The advantages 
of mass spectrometers include high accuracy, multi-gas 
analysis capability, and rapid response. The disadvantages 
include high cost, high poWer consumption, and large siZe. 
Mass spectrometers are not suitable for on-airWay applica 
tions. 

Raman scattering spectrometers (as described in US. Pat. 
No. 4,784,486) can also be used to measure oxygen con 
centration. These devices respond to photons emitted by the 
collision of a photon With an oxygen molecule. A photon 
from a high-poWer laser loses energy to the oxygen molecule 
and is re-emitted at a loWer energy and frequency. The 
number of photons re-emitted at the oxygen scattering 
Wavelength is proportional to the number of oxygen mol 
ecules present. Like mass spectrometers, Raman spectrom 
eters have multi gas analysis capability and rapid response 
time. Disadvantages include large siZe and poWer consump 
tion. Therefore, Raman scattering photometers are not suit 
able for on-airWay applications. 

Visible light absorption spectrometers (as described in 
US. Pat. Nos. 5,625,189 and 5,570,697) utiliZe semicon 
ductor lasers that emit light near 760 nm, an area of the 
spectrum comprised of Weak absorption lines for oxygen. 
With sophisticated circuitry, the laser can be thermally 
and/or electronically tuned to the appropriate absorption 
bands. The amount of energy absorbed is proportional to the 
number of oxygen molecules present. The advantages of this 
system are precision, fast response, and no consumable or 
moving parts. The disadvantages include someWhat fragile 
optical components, sensitivity to ambient temperature 
shifts, and a long gas sample path length. While there have 
been attempts to utiliZe this technology in an on-airWay 






























